is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. Abstract. Semi-solid processing is an innovative technology for near net-shape production of components, where the metallic alloys are processed in the semi-solid state. Taking advantage of the thixotropic behavior of alloys in the semi-solid state, significant progress has been made in semi-solid processing. However, the consequences of such behavior on the flow during thixoforming are still not completely understood. To explore and better understand the influence of the different parameters on material flow during thixoextrusion process, thixoextrusion experiments were performed using the low carbon steel C38. The billet was partially melted at high solid fraction. Effects of various process parameters including the initial billet temperature, the temperature of die, the punch speed during process and the presence of a Ceraspray layer at the interface of tool and billet were investigated through experiments and simulation. After analyzing the results thus obtained, it was identified that the aforementioned parameters mainly affect thermal exchanges between die and part. The Ceraspray layer not only plays a lubricant role, but also acts as a thermal barrier at the interface of tool and billet. Furthermore, the thermal effects can affect the material flow which is composed of various distinct zones.
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INTRODUCTION
Semi-solid metal forming or thixoforming, shaping metal components in semi-solid state, is an innovative near net-shape forming process [1] which allows manufacturing parts with complex geometry, giving high mechanical properties and reducing forming steps compared with conventional die-casing and forging processes.
It has been forty years since the original experiment which led to the interest in semi-solid metal processing (SSM) studied by researchers at the MIT [2] . Up to now, thixoforming has established itself as a scientifically sound technology in the production of aluminum and magnesium alloys. However, the thixoforming process of Fe-based alloys is still at laboratory stage, due to the high process temperature involved, suitable tool materials, heating and controlling of billets and also microstructural observation, although some possibilities have been demonstrated by researchers. The width of the semi-solid interval [3] , the evolution of the microstructure in the semi-solid state [4] as well as the modeling of semi-solid behavior and material flow [5] have been investigated by many researchers. The possibility of performing thixoforging experiments on an inductively heated rolling bar has been illustrated in work [6] .
Thermal exchange during thixoextrusion process is very important, since it controls the material flow and the evolution of microstructure. It is necessary to better understand it with the complete analysis of thixoforging process parameters such as steel grade, punch speed, billet and tool temperature.
In this work, the effects of various process parameters on material flow during thixoextrusion process are investigated and the effects of thermal exchange on the different aspects of the final parts are discussed regarding thixoextrusion experiments and simulation. C38 low carbon steel was used for this study.
EXPERIMENTAL PROCEDURE

Material
The C38 low carbon steel used was produced by hot rolling. Its chemical composition is given in Table 1 . The billet size was 45mm in height and 30mm in diameter. 
Methods and Equipment
Due to its repeatability and the lesser billet heating time, induction heating technique was used in our experiments. In the aim of reducing heat loss during the transfer of the billet and retaining the billet shape, this system had the induction coil located above the die gate. In order to maintain a constant punch speed during forming, a shock absorption system for the punch was developed and integrated into the tolls to avoid material deformation during the slowdown in punch speed. The experimental device is illustrated in figure 1 [7] . 
RESULTS
Experiments have been performed on C38 steel grade billets under various process conditions. Figure 4 presents the results of various experiments. Here, P.S means punch speed, and D.T. means die temperature.
As illustrated in figure 4 , for the same punch speed and die temperature, the maximum force decreased with increasing initial billet temperature. When forming the part with an initial billet temperature of 1451°C and a cold die (30°C), the maximum load decreased with increasing punch speed, and the maximum force for extrusion process increased when forming the part with a warm die (400°C). In addition, the part could be formed with the same load under different process parameters; for example, The load versus displacement curves of two extrusion experiments are exhibited in figure 5 to show the effect of the Ceraspray© layer put on the dies on the forming force. The load first increased slowly with the displacement until the die cone was filled; then it increased strongly up to a maximum value which corresponded to the step of filling the die with the smaller diameter. The load fluctuation at the end of extrusion was due to the "hydraulic" inertia. The forming force was reduced by 25% with the existence of Ceraspray© layer on the die surfaces. Two functions of Ceraspray© layer were assumed: a reduction of friction effect and of heating losses. FIGURE 5. Load-displacement curves during the thixoextrusion with and without the Ceraspray© layer (punch speed of 40mm/s, initial billet temperature of 1429°C ; press without damping device)
DISCUSSION
The results described above showed the effects of initial billet and die temperature, punch speed and the presence of the Ceraspray© layer on the forming force. As the experiments were non-isothermal, heat exchange varied with the forming conditions during extrusion process. The temperature variations due to the forming time and heat exchange generated an evolution of viscosity, disagglomeration and stress, and consequently of the flow of the material and the final properties of the part.
Shapes of Final Parts
Several parts extruded under various process conditions are shown in figure 6 ; with a relative low punch speed and a cold die, a critical initial billet temperature around 1437°C was found. A heterogeneous flow was observed with initial billet temperature above 1437°C. Bad surfaces with wrenching and cracking which revealed a liquid/solid phase separation were observed on parts extruded with a higher initial billet temperature. This separation phenomenon was also presented in work [8] for other steel grades. Meanwhile, when a warm die and Ceraspray© layer were employed for the extrusion of a billet at 1445°C, a correct shape was obtained, which meant that the critical temperature was moved to a higher value. The reason could be due to less heat loss during extrusion which made the liquid distribution and material morphology more uniform in the cross section, which resulted in a homogeneous material flow. . The temperature at the interface was much higher when using a warm die than a cold one. That means the heat losses were lower with a warm die than with a cold one. Using a warm die and a Ceraspray© layer can reduce the heat losses, thereby reducing the phase separation, and consequently improving the final part shape and surface quality. 
Forming Force
Forming force increased with decreasing initial billet temperature. This result is similar to that found in many papers dealing with semi-solid structures, such as aluminum alloys and steels [9] ; it is attributed to the increase of liquid volume fraction. When the initial billet temperature is increased, the liquid volume fraction increases which results in a lower forming force. As expected, an increase in the press velocity resulted in lower required forces, because there was less time for cooling and solidification. Compared with conventional extrusion process using the same forming dies and billet dimensions, the average extrusion force required in the thixoextrusion experiments was very low, though a continuous rise of the required force was detected in thixoextrusion. It's worth noting that a massive shell formation defect was observed in the work of [10] when performing a thixoextrusion on a high liquid fraction billet. The defect was generated by reason of the reduction billet temperature when the billet material came in contact with the extrusion channel wall.
CONCLUSIONS
Extrusion trials were performed on a semi-solid C38 steel with high solid fractions. The quality of thixoextruded parts depends on the forming speed, initial billet and tool temperature. Thermal exchange plays an important role in thixoextrusion process. A part with good quality can be obtained with less thermal exchange during thixoextrusion. A warm die coated with Ceraspray© layer and higher punch speed help to reduce the thermal exchange between tool and material. At a suitable initial billet temperature, a part with good surface quality can be thixoextruded. Resultant microstructure evolution and mechanical properties will be studied in the future.
